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Anodic TiO3 nanotube (TNT) layers were prepared in eco-friendly fluoride-free organic-aqueous-based electro-
lytes containing cerium ammonium nitrate. Nanotubes with controllable morphology (tube diameter and tube
length) and surface features (porosity and surface roughness) were obtained by varying percentual ratios of
ethylene glycol (Eyy) and water (Wyo,) in the electrolyte (ExoWyo). Obtained TNT layers were studied for
photocatalytic degradation of methylene blue (MB) under UVA irradiation. The most promising, TNT layers were
prepared in E;50,Waso, electrolyte with a thickness of approx. 1.9 pm with a tube diameter of approx. 33 nm, and
exhibited the highest photocatalytic degradation rate (k = 0.0151 min™1).

1. Introduction

Since the growth of nanoporous/nanotubular layered structures via
electrochemical anodization of Ti in fluoride-based electrolytes, as re-
ported by Assefpour-Dezfuly et al. [1], TiO, nanotube (TNT) layers have
become one of the most promising nanostructures over the past decades.
Indeed, TNT layers are attractive due to their 1D structure, which pro-
vides unique properties, e.g., quantum confinement effects, improved
e /h' separation, and transport [2], thus being a promising photo-
catalyst [3,4]. Photocatalysis is attractive because it can potentially
utilize sunlight to produce reactive oxygen species (ROS) that could
substantially eliminate and convert pollutants into harmless substances
[5-10]. In the context of water treatment, photocatalysis has gained
significant importance as a promising method for the removal of pol-
lutants from water [11,12].

TNT layers prepared via electrochemical anodization provide

controllable nanotubular morphology (i.e., tube diameter, layer thick-
ness, and wall thickness) [13,14]. Indeed, the morphology is directly
controlled by e.g., the anodization time, applied potential, current
density, and electrolyte type [2,15]. Nowadays, TNT layers are prepared
in the popular aqueous-organic-based (ethylene glycol, diethylene gly-
col, glycerol, etc.) electrolytes containing fluoride ions (as well as using
other halogens e.g., chlorides, bromides) [13,14,16-18]. Indeed, fluo-
ride ions were considered irreplaceable for nanotubular formation via
the field-assisted dissolution of the formed TiO, layer [2,13,14,19].
However, fluoride ions (including other halogens) are deemed hazard-
ous to the environment [20-22]. Moreover, the use of halogens in the
electrolytes causes adhesion issues between the Ti metal and TNT layer,
that is, it leads to the TNT layer being easily peeled off from the un-
derlying Ti metal [23,24]. Recently, fluoride-free (halogen-free) alter-
natives using nitrates-based electrolytes such as AgNOj, Sr(NOs)o,
KNO3, NaNOs3, and NH4NO3; were reported [23,25-27]. TNT layers
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formed in nitrate-based electrolytes do not follow the field-assisted
dissolution theory but instead follow the oxygen bubble mold effect,
viscous flow model, and electronic current theory [28-31]. For example,
Lu et al. [25]. showed that TNT layers are formed through the oxygen
bubble mold effect in fluoride-free nitrate-based electrolytes, that is,
electronic current leads to oxygen evolution, which in turn creates
pores. However, there is still debate within the scientific community
regarding the mechanism of TNT layer growth in nitrate-based elec-
trolytes. As an advantage, TNT layers are prone to grow to a few mi-
crometers within a short anodization time in nitrate-based electrolytes,
with only a handful of reports published to date [23,25-27]. Addition-
ally, TNT layers synthesized in Ag, Sr, K, and Na-nitrates led to the
decoration of these elements on the nanotubes, thereby reducing the
optical bandgap (Eg) and promoting e /h" separation [23]. Such deco-
rated fluoride-free TNT layers synthesis using electrolytes containing
rare earth elements has not yet been explored. Among the rare earth
elements, Ce is attractive because of its interconvertible oxidation states
(Ce®*/ce*™h), reduces the E, of TiO,, prevent e /h* recombination, and
could generate HyO in-situ, thereby increasing the efficiency of photo-
catalytic process [6,32,33].

Optimizing the TNT layers morphology by varying the electrolyte
content in fluoride-based electrolytes [19,34,35] and the influence on
nanotubes morphology in photocatalytic performance [36-41] have
already been reported. However, optimization of the TNT layer
morphology by varying the electrolyte content in fluoride-free nitra-
te-based electrolytes has not yet been reported. Here, we prepared the
TNT layers with different morphology and surface properties via elec-
trochemical anodization technique in 0.5 wt% cerium ammonium ni-
trate (CAN, (NH4)2[Ce(NOs3)s]) electrolyte with varying the percentual
ratios of ethylene glycol (E) and water (W) content. Finally, the overall
influence of different TNT layers features on the photocatalytic degra-
dation of methylene blue (MB) under UVA irradiation was investigated.
In addition, the production of HO radicals under UVA irradiation
(essential for the photocatalytic process) was observed using coumarin
as a fluorescence probe and was analyzed using a fluorescence
spectrophotometer.

2. Materials and methods
2.1. Fluoride-free TNT layer synthesis

Ti foil (1 x 3 cm, Sigma Aldrich, Slovakia, 0.127 mm thick, 99.7%
purity) was used as a substrate for the synthesis of fluoride-free TNT
layers. Prior to anodization, Ti foil was cleaned by sonication in iso-
propyl alcohol (IPA, Central Chem, Slovakia) for 2 min and subsequently
dried using an air blower. Electrochemical anodization was carried out
in a DC power supply (ET systems GmbH, Germany) at a maximum
current of 0.2 A (i.e., current would not exceed beyond 0.2 A) and an
anodization time of 5 min. Anodization potential was varied to maintain
a constant current flow during the TNT layer synthesis. Ti foil was used
as a working electrode, and a graphite rod (3 cm?, Chenjianqging, China)
was used as a counter electrode. The electrodes are kept at a mutual
distance of 1.5 cm. The electrolyte was composed of 0.5 wt% of cerium
ammonium nitrate dissolved in 200 mL of different vol% compositions
of ethylene glycol (E) and distilled (DI) water (W). The different elec-
trolyte compositions were the following: Ej00yWoo, (100% ethylene
glycol and 0% DI water), E750,Was0, (75% ethylene glycol and 25% DI
water), Esgy,Wso0, (50% ethylene glycol and 50% DI water), Eos0,W750,
(25% ethylene glycol and 75% DI water), and Ego,W1099 (0% ethylene
glycol and 100% DI water). After anodization, the prepared TNT layers
were sonicated in IPA for 15 s and subsequently dried using an air
blower to remove the electrolytes leftovers. Finally, the as-prepared TNT
layers were annealed in air at 450 °C for 2 h at a rate of 2 °C/min to form
anatase TiOs. Further, detailed information about the characterization
techniques and photocatalytic degradation process for the prepared TNT
layers are given in ESIL
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3. Results and discussion

The morphological features of the obtained TNT layers were
observed through field emission scanning electron microscopy (FESEM,
Figs. 1(a—e) and S1) and transmission electron microscope (TEM, Figs. 1f
and S2). It was evidently revealed that there is a clear difference in
nanotubular morphology, including tube diameter and layer thickness.
Indeed, the morphology significantly varied due to the use of different
electrolyte compositions. For instance, no nanotubular morphology was
observed for TNT layers prepared in Ejgy,Woo,. Indeed, the Ti foil was
etched, thus forming nanopits in a few places (Fig. 1a). Due to the vis-
cosity of the ethylene glycol, the bubble mold effect and electronic
current theory are possibly suppressed, preventing the pore formation
on Ti foil. The viscosity of the ethylene glycol affects the growth of the
nanotubes, smoothness, and slow down the crystal growth [42]. More-
over, when applying a high potential (100 V), a current reached approx.
0.14 A (Fig. S3) (i.e., 0.2 A cannot be maintained as mentioned in the
experimental part). Nevertheless, in case water was added to the elec-
trolyte, the current density reached the value of 0.2 A (Fig. S3) and the
formation of nanotubular morphology was observed (Fig. 1(b-f)).

As expected, TNT layers with different morphological features were
obtained by varying the ratio between E:W (Fig. 2(a,b)). Indeed, 1.9 ym
thick TNT layers with approx. 33 nm were obtained using E;5¢,Was9,. In
contrast, nanotubes with decreased tube diameter were obtained after
increasing the water content (Esgy,Ws0%, E2500W750, and Eqo,W10006)-
Despite decrease in tube diameter (to approx. 25 nm), TNT layers with
thickness of approx. 2.5 pm were obtained in Egy,Wigge. These results
indicate an evident influence of the E:W ratio in obtaining different
nanotubular morphologies. Further, clear bundles of few nanotubes
could be observed through TEM (Figs. 1f and S2). Since, the preparation
of samples for TEM is destructive for the TNT layers, i.e., TNT layers
were scrapped from the underlying Ti substrate. Therefore, calculation
of morphological features through TEM may not be representative,
hence images observed through FESEM were used for calculating tube
diameter, wall thickness, and tube length for the TNT layers. There are
multiple reports on the impact of water content in obtaining nano-
tubular morphology in fluoride-based electrolytes [35,43,44]. Here, we
report, for the first time, the influence of water content on nanotubular
morphology in fluoride-free nitrate-based electrolytes. Indeed, the
morphological features are essential for the efficient application of any
material in e.g., photocatalysis [41].

Additionally, the TNT layers porosity (P) and surface roughness
factor (rf) were estimated according to the following equations [45,46].

2zw(w + D)
=1-=——"2 1
d V3(D + 2w)? M
"f = M 2)
w

where w is the wall thickness and D is the tube diameter of the nanotube.
The highest porosity (approx. 36%) was calculated for TNT layers pre-
pared in Eys50,Was0,, Which also exhibited the highest surface roughness
factor (approx. 90 pm ') (Fig. 2c). TNT layers prepared in other elec-
trolytes i.e., EsgyWs0%, E250,W750, and Ego,Wioy possess a similar
mean ratio between D and w of approx. 0.5, thereby similar calculated
porosity (approx. 20%) was observed. Quitério et.al. [47] reported the
porosity of approx. 5.6% for TNT layers prepared in fluoride-containing
electrolyte with different diameters and wall thickness. Interestingly, yet
having similar porosity, these TNT layers possessed different surface
roughness factors of 60, 71, and 64 pm >, respectively. It is worth noting
that higher porosity and surface roughness is related to an increase in
the specific surface area, thereby improving the overall application
potential in photocatalytic process [48-51].

Further, structural characterization using x-ray diffractometer in
grazing incidence mode (GI-XRD) revealed the crystalline phases of the
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Fig. 1. Representative FESEM images showing both top views and cross-sectional views (inset) of the TNT layers prepared in cerium ammonium nitrate electrolyte
with different compositions of ethylene glycol and water: (a) E10006Woo, (b) E7506Was06, (€) Es006Ws006s (d) E2506W7506, and () Ego,W1000. (f) Representative TEM
images of the optimized sample E;s0,Was0, and inset shows the high-resolution image of individual nanotube.
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Fig. 2. Tube diameter, wall thickness, tube length, porosity, and surface roughness factor calculated from the FESEM images of the prepared TNT layers are depicted

in (a), (b), and (c), respectively.
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TNT layers prepared in different electrolyte compositions (Fig. 3a). TNT
layers prepared in Ej000,Woo, showed a major presence of hexagonal Ti
diffraction peaks (P63/mmc; ICCD 00-044-1294) along with a minor
anatase phase TiO; diffractions. These results also correlate with the
FESEM images (Fig. 1a), which revealed the etching of Ti foil without
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the formation of the nanotubular structure. Nevertheless, all TNT layers
prepared in electrolytes containing water (i.e., Ey50,Was0, Es500W5005
E2500W7s0, and Ego,W1gg9s) exhibited crystalline anatase TiO, phase
(P4,/mnm; ICCD 01-086-1157) along with hexagonal Ti diffraction
peaks (originating from the underlying Ti foil). TNT layers obtained
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Fig. 3. Structural, optical, elemental composition, and photocatalytic characterization of the prepared TNT layers in E;000Woo, E7506W25%s E500%Ws50065 E2506W7506
and Eqy,W1000s electrolytes. (a) XRD pattern, (b) Tauc’s plot depicting the E; calculated from the UV-Visible diffuse reflectance spectra, (c) SIMS mass spectrum at
138 a.m.u. — 146 a.m.u. of the representative sample E;50,W2s0, (d) SIMS depth profiling of Ce, (e) The linearized pseudo-first-order plots of In(C/Co) versus time for
photocatalytic degradation of MB, and (f) production of HO' radicals using coumarin as a fluorescent probe.
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from fluoride-free nitrate-based electrolytes exhibit morphological and
structural features comparable to those of TNT layers prepared in
fluoride-based electrolytes (Table S1) [17,23,25,52,53]. However, the
time taken to grow TNT layers of up to 2.5 pm using a fluoride-free
nitrate-based electrolyte was achieved within 5 min. This is a consid-
erable technological advantage compared to several hours when using
fluoride-based electrolytes

The optical properties of TNT layers were analyzed via UV-visible
diffuse reflectance spectrometer (UV-DRS, Figs. 3b and S4a). Due to the
presence of etched Ti foil in the sample prepared in E;gyWoo, electro-
lyte, the data processing related to the measurement of Eg could not be
conducted. Nevertheless, in all other TNT layers a peak reflectance at
406 nm was detected. Highest peak reflectance was obtained for TNT
layers prepared in Ego,Wi00%. It is due to the fact that the nanotubular
morphologies such as tube length, tube diameter, grain size, and crystal
phases affect their optical properties [54,55]. According to the Tauc’s
plot (calculated for the indirect transition from the UV-DRS spectra
(Fig. 3b), the Eg for all TNT layers was approx. 3.08 eV. We obtained
similar Eg values in our recent report on TNT layers prepared in Ag, Sr,
K, and Na-nitrates based electrolytes [23]. Interestingly, this value is
lower than the bandgap of some of the reported TNT layers obtained in
fluoride-based electrolytes (Eg of approx. 3.2 eV) [56,57]. Reduction in
the Eg on the TNT layers could be due to the potential decoration of
metals/non-metals present in the nitrates-based electrolytes. The Ce was
not detected by wavelength-dispersive X-ray spectroscopy (WDS) tech-
nique, hence we assume that concentration of Ce present in the TNT
layers could be less than 0.01 wt%. Therefore, secondary-ion mass
spectroscopy technique (SIMS) was used to detect the Ce in the TNT
layers. An energy offset was used to suppress the Ti>*ions that interfered
with the Ce™ ions, to distinguish Ce™ ions from Ti®* ions. Then Ce was
clearly detected at 140 and 142 mass (a.m.u.), respectively (Fig. 3c), in
the representative sample (E;50,Was0,). However, there was a deviation
of the measured 1*°Ce/**2Ce ratio from the natural abundance ratio in
the mass spectrum in (Fig. 3c). Therefore, a test for the Ce™ secondary
ion signal stability was performed (Fig. 3d) and revealed the decrease of
the Ce" intensities with the depth (sputtering time). Since in (Fig. 3d)
the 1*2Ce peak was measured about 170 s after the 1*°Ce peak, a bias
toward values of *°Ce/**2Ce higher than the natural abundance ratio
was created. Indeed, when the intensities of both isotopes were taken at
the same time in (Fig. 3d), the ratio was close to 8 in agreement with the
natural abundance ratio of '*°Ce and '*?Ce, which unambiguously
proves the presence of Ce in the TNT layers. Interestingly, especially in
the TNT layers the reduction in Eg could not only be attributed to
elemental decoration but also through the structural changes. Indeed,
combination of structural changes such as tube diameter [58-60], tube
length [58-61], and porosity [62], affects the E; of the TNT layers. For
example, Murphy et al. observed the reduction in Eg with increasing in
the tube length in the TNT layers [61]. Therefore, TNT layers with the
longest tube length prepared in Eqgy,Wigos had slightly lower Eg of
~3.04 eV when compared with the other TNT layers. Hence, we assume
that the reduction in Eg in the TNT layers could be attributed to the
structural features of the nanotubes and by the decoration of Ce.

At last, photocatalytic degradation of MB using the prepared TNT
layers in E10006Wov, E750%Wasws Es006Ws0%s E2506W750, and EgosW100%
electrolytes were investigated under UVA irradiation. The photo-
catalytic degradation using TNT layers follows the first-order reaction
[63] and the degradation rates are summarized (Fig. 3e). The highest
photocatalytic degradation rate is obtained for Ey5¢,Was0, (k = 0.0151
min’l), followed by E25%W75% (k = 0.0133 minfl), E50%W50% (k =
0.0129 min™Y), EgysW100% (k = 0.0105 min 1), and E1g09Woo (k =
0.0062 min~'). These fluoride-free TNT layers showed a comparable
photocatalytic performance in MB degradation with respect to
fluoride-based TNT layers (Table S2). In general, for efficient photo-
catalytic degradation, a larger tube diameter is required for better
pollutant diffusion within the tubes and an optimum tube length for
increased light adsorption along the tube length [41]. Further, the
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mechanism of MB photodegradation was understood by studying the
production of HO' by fluorescence spectrophotometer using coumarin as
a probe (Fig. 3f). Since, HO' is considered the main reactive species in
the photocatalytic process, e.g., for the degradation of organic pollutants
and hydrogen production applications. HO are produced in the order of
E750Wa506> Eq9sW100% > E250W7504 > E500.Ws00 > E1000%Woo, similar to
the photocatalytic degradation profiles. TNT layers grown in E750,Was04
electrolyte showed the highest photocatalytic degradation of MB, owing
to their larger tube diameter, higher porosity, and higher surface
roughness (Fig. 2), thereby increasing the number of catalytically active
sites [48-51]. Moreover, with Ce decoration, there was a substantial
increase in the photocatalytic degradation of MB when compared with
the fluoride-free TNT layer grown in the AgNOj5 electrolyte, as reported
in our previous work (Table S2). Evidently, TNT layers prepared in
E750,Was0, showed the highest generation of HO. TNT layers prepared in
E100%Woo electrolyte showed the lowest production of HO" due to the
absence of nanotubular morphology (Fig. 1a) and the minor presence of
TiO4 (Fig. 3a) which resulted in the lowest MB degradation rate. Further,
TNT layers prepared in Esgy,Ws00, and Eas0,W7so, electrolytes showed
similar photocatalytic degradation profiles. Indeed, both these TNT
layers possess a similar number of catalytically active sites due to their
similar porosity and surface roughness. Even though the TNT layer
prepared in EgyWiooy possess similar porosity to EsgpWsoy and
E2s50W7s0,, @ higher photocatalytic activity was observed due to its
longer nanotube length. Therefore, to obtain TNT with beneficial
morphology for photocatalytic applications, it is crucially important to
adjust the water content in fluoride-free nitrate-based electrolytes.
Nevertheless, this report could pave the way for the use of eco-friendly
nitrate-based electrolytes for the preparation of anodic TNT layers in the
future with potential application in photocatalysis.

4. Conclusion

In summary, the presented work showed the eco-friendly prepara-
tion of TNT layers in an organic-aqueous-based electrolyte containing
cerium ammonium nitrate via electrochemical anodization. The rapid
growth of TNT layers up to 2.5 pm was observed within 5 min. The
change of nanotubular morphology and surface features by varying the
ratio of ethylene glycol and water in the electrolyte was studied for the
first-time in fluoride-free nitrate-based electrolytes containing cerium.
TNT layers prepared in E;50,Wase, electrolyte possessed the optimal
features for photocatalytic applications, i.e., large tube diameter, high
porosity, and high surface roughness, thus leading to higher generation
of HO" and efficient degradation of MB. In a broader context, this study
will help in preparing efficient TNT layers in fluoride-free nitrate-based
electrolytes for photocatalytic applications.
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